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© Thin film of single crystalline LnA2Cu307-x having three-layered perovskite structure and process 
for producing the same. 



© A thin film consisting of a single crystalline oxide 
of the formula: 

LnA 2 Cu30 7 .x (0 

wherein Ln is at least one of the rare earth elements 
Y, Nd, Sm. Eu, Gd, Dy, Ho, Er f Tm and Yb and A is 
at least one of the alkaline earth metals Ba, Sr and 
Ca which has a three-layered perovskjte structure in 



which 

(1) the(001) plane. 

(2) the (110) plane or 

(3) the(103) plane 

of the crystal is parallel with the film surface is 
provided. 
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THIN FILM OF SINGLE CRYSTALLINE LnA 2 Cu 3 0 7 . x HAVING THREE-LAYERED PEROVSKITE STRUCTURE 

AND PROCESS FOR PRODUCING THE SAME 



The present invention relates to a thin film of a 
single crystalline oxide of the formula: 

LnAaCuay.x (I) 

wherein Ln is at least one of the rare earth ele- 
ments Y, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm and Yb 
and A is at least one of the aikaline earth metals 
Ba, Sr and Ca which has a three-layered perovskite 
structure and a process for producing the same. 

A thin film of LnAaCuaOr-x having a three- 
layered perovskite structure exhibits superconduc- 
tivity around 90 K will find various new applications 
such as wiring of LSI, SQUID and Josephson tun- 
nel type elements. 

For such applications, the LnAaCuaOy* thin 
film should have a critical temperature Tc at 85 K 
or higher, a critical current density Jc of 10 s A/cm 2 
or higher when the film is not thicker than 5,000 A 
and should be formed at a comparatively low tem- 
perature. 

Since a wiring material of LSI is .required to 
have a large current density, the single crystalline 
thin film should have a specific plane such as a 
(001), (110) or (103) plane parallel with a film plane 
-so-that-ele ctric c u rrent c a n flow i n sai d s pecific 



Accordingly, a (110) oriented single crystal film 
may be more available for the tunnel type junction 
than a (001) oriented film. 

In the practical applications, it is required to 
s provide a single crystalline film having the (110) 
plane in the direction parallel with the film plane. In 
addition, since a single crystalline film with an other 
orientation can achieve a large current density, it is 
suitable for forming a wire to be used in a super- 
io conductive magnet. 

In most cases, the single crystalline film of 
LnA2Cu30 7 . x has been prepared by a sputtering 
method. The sputtering method comprises irradiat- 
ing a plasma of oxygen (O2) and/or argon gas 
75 against a target consisting of a Ln-ACu base oxide 
in a vacuum vessel and depositing sputtered met- 
als and the like on a substrate such as a SrTiO 
single crystal piece placed in said vessel to form a 
LJ1A2CU3O7.X thin film. To covert the deposited 
20 LnA 2 Cua07.x thin film to a film exhibiting high qual- 
ity superconductivity with Tc of 77 K or higher, it is 
necessary to thermally treat the film at a tempera- 
ture of 800* Cor higher. 

By the scientists in the Watson Research Lab- 
25 oratory of IBM or the Stanford University, a super- 
conductive oxide thin film is produced by electron 
beam deposition. Bu t, the as-deposit e d film is 



plane. 

In-the Josephson tunnel type element using the 

superconducting LnA 2 Cu30 7 . x , an insulating ultra- 
thin layer between the superconductors for tunnel 
junction is required to have a thickness of not 
larger than 30 A. To form such junction, it is 
essential to produce a superconductive film having 
good surface smoothness and an ultrathin insulat- 
ing layer on it. The thickness of the insulating 
ultrathin layer for forming a junction is limited by 



amorphous and does not have superconductive 
— characteristics- as such.- Therefore,-the-deposited- 

30 film is post-heated at a high temperature of 800 to 
1,000* C to crystallize the amorphous film to a 
perovskite crystal having a three-layered structure, 
whereby the produced film exhibits superconduc- 
ting transition at 77 K or higher. 

35 By the conventional sputtering method or the 

conventional electron beam deposition, no film 
which is substantially a single crystal having the 



the coherence length of the superconductor. The 
coherence length in the direction perpendicular to 
the (001) plane is about 4 to 7 A, and that in the 
direction parallel to said plane is about 15 to 30 A. 

Therefore, the thickness of the insulating ul- 
trathin layer to be used for junction varies with the 
kind of the superconductor and its crystal direction 
to be connected. When the direction perpendicular 
to the (001) plane of the superconductor coincides 
with the direction perpendicular to the surface of 
the insulating layer, the thickness of the latter 
should be 10 A or less. On the contrary, when the 
direction parallel with the (001) plane of the super- 
conductor coincides with the direction perpendicu- 
lar to the surface of the insulating layer, the thick- 
ness of the latter can be as thick as s veral ten A, 
which makes the formation of tunnel junction easy. 



' (001). (110) or (103) plane parallel with the film 
surface has been provided, and either method has 

40 its own drawbacks. 

For example, in the sputtering method, it is 
difficult to prepare the target with a composition 
optimum for the formation of the superconducting 
film. Since a desired material is deposited solely 

45 by attacking the target with ions, not only char- 
acteristics of the film are delicately changed ac- 
cording to conditions of the plasma atmosphere 
and to quality of the target, but also the substrate 
or the deposited film is easily modified by ions. 

so Therefore, this method has poor reproducibility. 

Another problem resides in that the epitaxially 
grown LnA2Cu307. x oxide film should be thermally 
treated at a temperature of 800 °C or high r to. 
increase the critical temperatur to 77 K or high r, 
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preferably 85 K or higher. By the thermal treat- 
ment, the surface of the thin film is roughened. 
Further, due to thermal treatment at high tempera- 
ture, the substrate materia] and LnA2Cu30 7 . x react 
with each other so that the thin layer having a 
thickness of 500 A or less cannot be made super- 
conductive. 

A superconductive thin film which is produced 
by sputtering and subsequent thermal treatment at 
the lowest temperature is a 2,000 to 3,000 A thick 
(001) oriented crystal film of YBa2Cus0 7 . x which is 
formed on a sapphire substrate heated at a tem- 
perature of 550 to 650 *C. it is reported that this 
film had zero electric resistance at 80 K after 
thermally treated at a temperature of 550 to 
650 'C. 

However, the critical temperature of 80 K is still 
unsatisfactory, and the produced film seems to be 
heterogeneous from the results of X-ray analysis 
and change of electrical resistance against tem- 
perature. 

In the conventional electron beam deposition, 
the deposited film should be thermally treated at a 
high temperature. Therefore, the kind of the sub- 
strate to be used is limited. When the substrate is 
inadequate, it reacts with the deposited material so 
that a part or whole of the deposited material is 
changed to a material which is different from the 
superconductor. 

Further, the surface of -the deposited film is 
Jess.smooth. Because_oLthe_reaction_betweenJhe_ 



the above described thin film of the LnA 2 Cu30 7 . x 
single crystal, which comprises simultaneously 
evaporating Ln, A and Cu in an atomic ratio of 
about 1:2:3 from discrete evaporation sources of 

s Ln, A and Cu to deposit them on a substrate in a 
vacuum deposition vessel while supplying an oxy- 
gen gas from a distance close to the substrate to 
form an oxygen-containing atmosphere having a 
relatively high pressure at the substrate. 

70 According to the third aspect of the present 
invention, there is provided a process for producing 
the above described thin film of the LnA2Cu3 0 7 . x 
single crystal, which comprises generating plasma 
and simultaneously evaporating Ln, A and Cu in an 

75 atomic ratio of about 1:2:3 from discrete evapora- 
tion sources of Ln, A and Cu to deposit them on a 
substrate in a vacuum deposition vessel while sup- 
plying an oxygen gas from a distance close to the 
substrate to form an oxygen-containing atmosphere 

20 having a relatively high pressure at the substrate. 

The oxygen content is not stoichiometric in the 
superconductive oxide of formula (I); oxygen may 
be present in a richer or poorer amount than the 
calculated stoichiometric amount. 

25 Figs. 1 and 2 are X-ray diffraction patterns of 

the thin films of YBa2Cu30 7 . x single crystal pro- 
duced in Examples 1 and 2, respectively. 

Fig. 3 is a graph showing the relationship 
between the resistivity and absolute temperature 

30 for the thin film of YBa2Cu30 7 . x single crystal pro- 
duced-in Example 3, 



substrate and the deposited material, it is difficult 
-to obtain the superconducting film with a-thickness 
of 5.000 A or less. 

One object of the present invention is to pro- 
vide a thin film of a LnA 2 Cu30 7 . x single crystal 
having a layered perovskite structure. 

Another object of the present invention is to 
provide a process for producing a thin film of a 
LnA2Cu 3 0 7 . x single crystal having the perovskite 
structure directly on a deposition substrate. 



Figs. 4 and 5 are graphs showing the rela- 
tionship between-the resistivity- and -absolute tem- 
perature and the relationship between the complex 

35 susceptibility x and x" (x -x - i* ') which is 
measured under the AC-magnetic field applied per- 
pendicular to the film surface and absolute tern 
perature, respectively for the thin film of 
YBa2Cu30 7 . x single crystal having a thickness of 

40 2,000 A formed on the non-etched (100) surface of 
SrTip3 single crystal in Example 4. 



According to the first aspect of the present 
invention, there is provided a thin film consisting of 
a single crystalline oxide of the formula: 



LnA2Cu30 7 .„ 



(I) 



wherein Ln is at least one of the rare earth ele- 
ments Y, Nd. Sm. Eu, Gd, Dy. Ho. Er, Tm and Yb 
and A is at least one of the alkaline earth metals 
Ba, Sr and Ca which has a three-layered perovskite 
structure in which 

(1) the (001) plane. 

(2) the (110) plane or 

(3) the (103) plane 

of the crystal is parallel with the film surface. 

According to the second aspect of the present 
invention, there is provided a process for producing 



Figs. 6, 7. 8 and 9 are X-ray diffraction 
patterns of the thin films of YBa2Cu30 7 . x single 
crystal formed in Example 7, the thin film of 

45 DyBa2Cu30 7 . x single crystal formed in Example 8, 
the thin film of ErBa2Cu30 7 . x single crystal formed 
in Example 8, and the thin film of YBa2Cu30 7 . K 
formed in Example 9, respectively, 

Figs. 10 and 11 are graphs showing the 

50 relationship between the resistivity and absolute 
temperature and the relationship between the com- 
plex susceptibility and the absolute temperature, 
respectively for the thin film of YBa2Cu30 7 . x single 
crystal formed in Example 9, 

55 Rgs. 12A, 12B, 13A, 13B. 14A. 14B, 15A 

and 15B are the reflecting high energy electron 
diffraction (hereinafter referred to as "RHEED") 
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photographs showing the crystal structure of the 
thin film of YBaaCusO?* single crystal formed in 
Exam pi 10, 

Fig. t6 is a graph showing the relationship 
between the resistivity and absolute temperature of s 
the thin film formed in Example 10, 

Figs. 17A, 17B t 18A, 18B, 19A and 19B are 
the RHEED patterns revealing the crystal orienta- 
tion of the thin film of ErBa2Cu30 7 . x single crystal 
formed in Example 11, ro 

Figs. 20A and 20B are the RHEED patterns 
revealing the crystal orientation of the thin film of 
YBa2Cu30r. x single crystal formed in Example 12, 
and 

Fig. 21 is a graph showing the relationship is 
between the resistivity and absolute temperature of 
the thin film formed in Example 12. 

The microstructure, namely a polycrystalline or 
a single crystalline structure in the formed thin film 20 
of LnA 2 Cu307. x depends on a kind of the substrate. 

That is, to produce the thin film of the 
LnA2Cu30 7 . x single crystal with the orientation of 
the above (1) or (2), a single crystal of SrTi03, 
MgO, CoO, NiO and the like having the (001) plane 25 
or the (110) plane in its surface is used as a 
substrate, respectively. 

The processes for producing the thin film of 
the LnA2Cus07.x single crystal can be applied to 
the production of a polycrystalline LnAaCusO?*. In 30 
this case, the kind of the substrate is not limited. 

As described above, to produce the single cry- 
stalline LnA2Cu3Q 7 . x having the specific crystal^ 
plane parallel with the substrate surface, the sub- 
strate should have said specific crystal plane on its 35 
surface. 

The above requirements for the substrate are 
necessary conditions to make the specific crystal 
plane parallel with the substrate surface, but not 
sufficient conditions. 40 

Suitable conditions for producing the thin film 

(1) and those for producing the thin film of the 
LnA 2 Cua0 7 . x single crystal of the orientation (2) are 
different as follows: 45 

In the former case, the raw material metals are 
evaporated and deposited on the substrate heated 
at 500* C or higher, while in the latter case, the raw 
material metals are evaporated and deposited on 
the substrate heated at a temperature not lower 50 
than 500 *C and lower than 550 "C to form the 
single crystalline LnA 2 Cu30 7 . x having the orienta- 
tion (2) and, after raising the substrate temperature 
to 550 "C or higher, the metals are further depos- 
ited on the already formed single crystal. ss 

Namely, the LnA2Cu3<3 7 . x single crystal having 
the orientation (1) can be produced und r a r la- 
tively wide temperature range of 500* C or higher, 



preferably 520 "C or higher but not so high as to 
adversely affect the substrate and the growing film. 
Thereby, a thin film having very good crystal struc- 
ture is formed. On the contrary, when the thin film 
of the LnA2Cu30 7 . x single crystal having the ori- 
entation (2) is product, as described above, the 
substrate is heated at a temperature not lower than 
500 °C and lower than 550* C, preferably around 
530* C in the first evaporation step so as to render 
the new substrate of LnA2Cu30 7 . x thin film suitable 
for the formation of the desired material having the 
orientation (2) and, in the second step, the tem- 
perature at the new substrate is raised to 550* C or 
higher, preferably 600° C or higher. Under other 
conditions, no thin film having good superconduc- 
tive characteristics is formed. 

In other words, although the thin films formed 
in the first and second steps consist of the desired 
material, the thin film produced in the first step is 
used as a base film in the second step and only 
the thin film formed in the second step has good 
superconductive characteristics. As understood 
from below described working examples, the first 
and second steps are not necessarily carried out 
continuously. 

In the present invention, the kind of the crystal 
plane is selected and the substrate temperatures 
are determined according to the orientation of the 
LnA2Cu3<)7. x single crystal to be formed on the 
substrate. The thin film of the LnA 2 Cu30 7 . x single 
crystal having the orientation (3) can be formed on 
"the substrate at a higher temperature although the 
same crystal plane as in the case of the orientation 
(2) is used as" the substrateT 'That" is, to form the 
thin film of the LnA 2 Cu30 7 . x single crystal having 
the orientation (3), the thin film is deposited on the 
substrate heated at 550* C or higher, preferably 
600 "C or higher. 

The process of the present invention will be 
explained further in detail. 

The vacuum deposition vessel is firstly evacu- 
0 'TO~niyn vacuum ui, 'Tur excui ijjiu, aooui"" lU" 1 " " 
Torr and then a small amount of the oxygen gas is 
continuously supplied towards the substrate from a 
distance close to the substrate to increase the 
pressure of oxygen at the substrate to 10~ 2 to 10"" 1 
Torr while an interior gas in the vessel is continu- 
ously exhausted from a suitable part of the vessel 
to keep the background at 10~ 5 to 10~ 3 Torr in the 
vessel except near the substrate. The reason why 
the upper limit of the background pressure is se- 
lected to be 10~ 3 Torr is that Ln, A and Cu in the 
evaporation sources are constantly evaporated 
without deterioration of evaporation rates. The low- 
er limit of 10~ 5 Torr. is the minimum gas pressure 
for generating the plasma. If the plasma is not 
utilized, this low r limit is not technically important. 
The r ason why the oxygen gas pressure is 



5 



EP 0 308 869 A2 



increased only near the substrate in this embodi- 
ment is that Cu is not oxidized to Cu 2 * if the 
oxygen gas pressure is lower than 10~ 3 Torr. 

The plasma can be generated by placing a 
high frequency coil between the evaporation sour- 
ces and the substrate and oscillating it between the 
coil and the vessel wail at high frequency. While 
the plasma generation is preferred since reaction 
activities of the evaporated metals are increased, it 
may have some drawbacks such that the plasma 
attacks the desired material which is being formed 
if the plasma energy is too high. Therefore.the 
electric power for generating the plasma is prefer- 
ably in a range from 50 to 500 W t preferably 
around 100 W. 

Ln and A are evaporated by the electron beam 
and Cu is evaporated by electric resistance heat- 
ing. 

During evaporation of the metals by the above 
described evaporation means, the atomic ratio of 
Ln. A and Cu is adjusted to about 1 :2:3 by adjust- 
ing the electric power according to results of pre- 
liminary experiments. Namely, in the preliminary 
experiments, how much metal Ln, A or Cu is evap- 
orated and how much oxide Ln 2 03, AO or CuO is 
formed by the specific electric power applied to 
each evaporation source per unit time are mea- 
sured by a film thickness measuring device in- 
stalled in the vacuum evaporation vessel near the 
substrate for each metal. Thereby, a relationship 
between the evaporation rate of ea 
applied electric power is established and then the 
electric- power- to- be-applied -to each evaporation 
source during formation of the thin film of the 
LnA 2 Cu30 7 .x single crystal is determined. 

As is clear from the comparison with the con- 
ventional sputtering method, the process of the 
present invention can produce reproducibly the de- 
sired material since it can be carried out while 
preventing contamination with impurities under 
easily controlled operating conditions. 



(a) the amount of oxygen in the oxide can be 
controlled and (b) a singl crystal with good quality 
in crystallinity is formed. 

As to the reason (a), factors which determine 

s the amount of oxygen in the oxide include the 
oxygen pressure, the substrate temperature, depo- 
sition rates of the metals and the kind of the 
substrate material. Since each of these factors can 
be changed independently from others, the amount 

w of oxygen in the oxide can be freely adjusted. As 
to the reason (b), it has been found that when the 
single crystal is used as the substrate, a single 
crystal with excellent quality can be formed on the 
substrate. For example, when NiO is deposited on 

75 a sapphire C plane kept at 200* C under oxygen 
pressure 4 x 10~ 4 Torr at a deposition rate of 1 
A/sec, NiO single crystal is synthesized with the 
(111) plane being parallel with the substrate sur- 
face. A half value width in a rocking curve accord- 

20 ing to X-ray scattering on this single crystal is 
0.5* . When the oxygen plasma is generated by RF 
excitation during the above synthesis, the half val- 
ue width decreases to 0.06*. This means increase 
of crystallinity. 

25 In the artificial super lattice thin film in which 

layers of NiO and CoO are alternately accumulated, 
as the thickness of each layer is decreased, the 
rocking curve becomes sharp and is substantially 
the same as that of the sapphire. 
30 As understood from the above explanation, the 
aactive-evaporation h as sui t able-cfaaracter4stlcs4Q 
synthesizing a single crystal with good quality. The 

-■ reason for this is assumed as follows: 

Growth of a crystal with forming a smooth 
35 surface is so called a single crystal growth. For 
such growth, following conditions should be met: 

(1) The crystal is grown under conditions 
which are close to thermodynamics equilibrium. 

(2) L/RT is larger than 2 where L is a latent 
40 heat for crystallization. 



The present invention has been completed 
based on the studies by the present inventors on 
the preparation and structures of thin films of oxide 
single crystals and their artificial superlattice thin 
films. According to the present invention, the oxide 
thin film is formed by the reactive evaporation. This 
is because this method has been found to be most 
suitable for producing the desired material which is 
required to have a good crystalline quality. 

The reactive evaporation for preparing the ox- 
ide is a process comprising introducing the oxygen 
gas in the vacuum vessel, supplying metal atoms 
by evaporation on the substrate and forming the 
oxide while reacting the metal atoms with oxygen 
on th substrate. 

The reasons why the reactive evaporation is 
suitable for the formation of oxid thin film are that 



The condition (1) is achieved by (i) a small rate 
of crystal growth and (ii) preferential adsorption of 
the atoms onto high energy sites in the surface 

45 such as vacancies, kinks and steps. The condition 
(2) is easily satisfied by low temperature during 
crystal growth. 

In the reactive evaporation, the condition (1) is 
achieved by following conditions: 

so Since oxygen molecules are adsorbed only by 
metal atoms, they are always adsorbed by and 
desorbed from the crystal surface to establish equi- 
librium. On the contrary, generally once adsorbed 
metal atoms are not desorbed. How ver, the metal 

55 atoms having higher energy acquired in the evap- 
oration source can sufficiently move ov r the cry- 
stal surface so that they are adsorbed by the high 
energy sites on the crystal surface. If the energy 



6 



EP 0 308 869 A2 



10 



distribution of the metal atoms which arrive at the 
surface is narrow and the number of such metal 
atoms is decreased to such extent that each atom 
does not come into collision with other metal atoms 
on the surface, the condition (1) is achieved. To 
prevent the change of energy of the impinging 
metal atoms, the molecular beam is desirable if 
possible. Therefore, the pressure (oxygen pres- 
sure) is decreased to an order of 10"* Torr so as 
to increase their mean free path. In case of a metal 
having a low evaporation temperature such as Zn, 
it should be excited by RF to improve the quality of 
the ZnO single crystal. 

As described above, the reactive evaporation 
has been found to be one of the best methods for 
controlling the crystal growth conditions of the ox- 
ide, and the present invention has been completed. 

The present invention will be illustrated by the 
following Examples. 



Example 1 

A vacuum vessel having a diameter of 750 mm 
and a height of 1,000 mm was evacuated to 10~ 6 
Torr by an oil diffusion pump. 

As a substrate, a piece of sapphire (single 
crystal a-AfeOa) was used with the(0 1~~12) plane 
forming the substrate surface (10 mm x 10 mm>. 
After placing the sapphire substrate in the vacuum 
vessel, it was heated to 650 *C and kept at this 



specific to the YBa 2 Cu30 7 « structure are clearly 
observed and the formation of a crystalline film is 
confirmed. 

In the above procedures, Y and Ba were evap- 
5 orated by an electron beam, and Cu was evap- 
orated by resistance heating. The evaporation con- 
ditions were as follows: 



10 



A metal ingot (purity: 99.9 %) (50 g) was used 
and placed in a crucible cooled with water. The 
metal was evaporated by the application of an 
rs electron beam at an acceleration voltage of 5 KV 
and a filament current of 400 MA. 
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30 



Ba: 



A metal ingot (purity: 99.9 %) (50 g) was used 
and evaporated by the application of the electron 
beam at an acceleration voltage of 5 KV and a 
filament current of 100 MA. 



Cu: 



In an alumina crucible around which a tungsten 
filament was wound, metal Cu particles (particle 
size of 2 to 3 mm, purity of 99.9999 %) (10 g) were 



temperature with a tungsten heater. 

. From twp„noz2)es_for supplying Jhe_pxygen_gas_ 

provided near both ends of the substrate, the oxy- 
gen gas was directly blown onto the substrate, 
whereby the gas pressure was increased to 10~ 2 to 
10~ 1 Torr only near the substrate, while the pres- 
sure near the evaporation sources which were 
placed apart from the substrate was increased to 
about 10~* Torr. 

Metals Y, Ba and Cu were evaporated from 
independent evaporation sources at such evapora- 
tion rates that the atomic ratio of Y:Ba:Cu was 1:2:3 
on the substrate. For example, Y, Ba and Cu were 
evaporated at rates of 1 A/sec, 2.3 A/sec. and 1.7 
A/sec, respectively. 

Between the substrate and the evaporation 
sources, a high-frequency (13.56 MHz) coil was 
placed, and high frequency was applied at 100 W 
so as to generate oxygen plasma, which activated 
the evaporated metals and accelerated the reac- 
tions on the substrate. 

Under the above conditions, the metal oxides 
were deposited on the substrate to form a thin film 
having a thickness of 1,000 A. 

An X-ray diffraction pattern of the formed thin 
film is shown In Fig. 1. 

Peaks for (013), (103) and (110) which are 



35 



charged and heated by the application of electric 
current through [thejilament at 10^30 A. 



Example 2 



A vacuum vessel having a diameter of 750 mm 
and a height of 1,000 mm was evacuated to 10" 6 

40 Torr. by an oil diffusion pump, 

The (001) plane of a SrTiOa single crystal was 
us"ecf~as~a~3ubstrate (10 mm x 10 mm). After- 
placing the substrate in the vacuum vessel, it was 
heated to 650° C and kept at this temperature with 

45 a tungsten heater. 

From two nozzles for supplying the oxygen gas 
provided near both ends of the substrate, the oxy- 
gen gas was directly blown onto the substrate, 
whereby the gas pressure was increased to 10~ 2 to 

so 10" 1 Torr only near the substrate, while the pres- 
sure near the evaporation sources which were 
placed apart from the substrate was increased to 
about 10~ 4 Torr. 

Metals Y, Ba and Cu were evaporated from 

55 separate evaporation sources at such evaporation 
rates that the atomic ratio of Y:Ba:Cu was 1:2:3 on 
the substrate. For exampl , Y, Ba and Cu were 
evaporated at rates of 1 A/sec, 2.3 A/sec. and 1.7 
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A/sec., respectively. 

Between the substrate and the evaporation 
sources, a high-frequency coil was placed, and 
high frequency was appl! d at 100 W so as to 
generate oxygen plasma, which activated the evap- 
orated metals and accelerated the reactions on the 
substrate. 

Under the above conditions, the metal oxides 
were deposited on the substrate to form a 1,000 A 
thick film. 

An X-ray diffraction pattern of the formed thin 
film is shown in Fig. 2, in which "x2", "x1", "x4" 
and B x30" indicate how many times the intensities 
were magnified. 

The formed thin film was heated at 650* C for 
30 minutes in the oxygen atmosphere and its criti- 
cal current density at 77 K (liquid nitrogen tem- 
perature) was measured to find that it had the 
critical current density of 4 x 10 6 Aycm 2 . This value 
was large in comparison with 1.8 x 10 s A,/cm 2 of 
the critical current density of the YBa2Cu 3 07. x type 
superconducting film made by sputtering. 



Example 3 

In the same manner as in Example 2, a thin 
film of a YBa2Cu 3 0 7 . x single crystal having the 
three-layered perovskite structure and a thickness 
of 3,000 A was formed. After ten days from the 
^erniation^Hhfs^hifHHm^he^ 
its resistivity and absolute temperature was mea- 
suredrTheTesults~are~shown"in~Rgr3r~~ ~ 

As is apparent from Fig. 3, the formed thin film 
exhibited superconductivity at a temperature slight- 
ly lower than 50 K. Such characteristics appear 
when an oxidation degree (X) is low. Further, it is 
apparent from Fig. 3 that the thin film had the 
orthorohmbic symmetry. After the thin film was 
heated to 500 *C for 30 minutes in the oxygen 
atmosphe r e, i t s, elect ric r esista n ce-beca me 0 ( zero) 
at 90 K. 

The above results indicate that the thin film of 
the single crystal of the present invention is dif- 
ferent from the conventional ones and the pro- 
duced thin film as such has superconductivity with- 
out post-heat-treatment at a high temperature of 
900 'C. 



Example 4 

Surface morphological properti s of the thin 
film of YBa 2 Cu 3 07oc single crystal deposited in the 
same manner as in Example 2 were checked as 
follows: 

As substrates, two piec s of SrTiOa single cry- 
stal were used, one of which had been surface 



polished and the other of which had been surface 
polished and further chemically etched with a mix- 
ture of hydrofluoric acid and nitric acid. The non- 
etched substrate, a thin film of 300 A in thickness 

s formed on it and a thin film of 1,000 A in thickness 
formed on it were examined by a scanning electron 
microscope (SEM). As the result, it was found that 
the polished surface of the SrTi03 single crystal 
was comparatively smooth, so that the thin film 

ro formed on it was conti nuous and had very smooth 
surface even when the thickness is only 300 A. 
Further, it was found that the thin film was smooth 
when the film thickness reached 1 ,000 A. 

The etched substrate and the 1.000 A thick 

75 film formed on it were examined by SEM, and it 
was found that the surface of the etched substrate 
had hillocks of several micrometers. Further, it was 
found that the SEM photograph of the thin film of 
1,000 A in thickness formed on the etched sub- 

20 strate was substantially the same as above and the 
thin film grew on the substrate with tracing the 
substrate surface exactly. This means that the de- 
position according to the present invention overg- 
rew a uniformly thick film on the substrate surface 

25 and therefore made the smooth surface of the film 
on the same of substrate. 

Fig. 4 shows change of resistivity against tem- 
perature of a thin film having a thickness of 2,000 
A which was formed on the polished substrate and 

30 heat treated in the oxygen atmosphere in the same 
manner as _ in~betow~described _ Exampler5. A transi- 
tion temperature as defined by zero resistivity was 
90:2 K ahd the temperature range" in which resistiv- 
ity changed was as small as 1.7 K, which sug- 

35 gested that a superconductive thin film with ex- 
cellent quality was formed. 

Fig. 5 shows change of complex susceptibility 
x and x against temperature of the same sample. 
Around the temperature at which the electrical re- 

40 sistance dropped to zero, a real part of the com- 

multaneously its imaginary part (**) began to ap- 
pear. These results indicate that the Meisner effect 
was observed when the electrical resistance be- 
45 came zero. 

From the above facts, it can be concluded that 
the substrate on which the thin film of the 
LnA2Cu307- x single crystal is formed preferably has 
a smoothly polished surface and, on such sub- 
so strate, the superconductive thin film having a 
smooth surface and excellent quality can be 
formed, so that it will be particularly useful in the 
production of electrical devices such as a SQUID 
device and a Josephson device. 

55 

Example 5 
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Since the thin film just formed on the substrate 
does not necessarily exhibit good superconduc- 
tivity, it is sometimes post-treated in an oxyg n- 
containing atmosphere. 

In this Example, effects of the post-treatment 
was confirmed on the YBa 2 Cu30 7 . x single crystal 
formed in the same manner as in Example 2. 

After deposition and cooling the evaporation 
sources (30 minutes), oxygen gas was introduced 
into the vacuum vessel to pressurize the vessel to 
1 atm. During this period, the substrate tempera- 
ture was decreased to 500 *C. Then, the thin film 
of YBa2Cu307. x single crystal was kept at 500 "C 
under an oxygen pressure of 1 atm. for 1 hour to 
adjust the oxygen content In the thin film. The 
lattice constant Co of the non-oxidation-treated thin 
film in the [001] direction calculated from the X-ray 
diffraction pattern was 11.749 A, while that of the 
oxidation-treated thin film was 11.686 A. The lattice 
constant after post-treatment substantially corre- 
sponds to that of a bulk crystal having a critical 
temperature of 90 K class. The superconductive 
characteristics of the oxidation-treated thin film has 
been already shown in Example 4. 



Example 6 

In the same manner as in Example 2 but using 
SrTiOa with its (-110) plane forming the surface and 
heating the substrate to 520 # C, a thin film of 
YBa2UU3U7. x single crystal having a thickness of" 



Example 8 

In the same mann r as in Example 2 but using 
Dy or Er in place of Y, a thin film was formed. The 

5 X-ray diffraction patterns were shown in Rg. 7 (for 
Dy) and Rg. 8 (for Er). The formed thin film in 
which Ln was Dy or Er was characterized in that 
the intensity of the (001) peak was stronger than 
that in the case where Ln was Y. This is because 

w the spacing corresponding to the (001) peak is a 
spacing of the rare metal elements, so that, in case 
of Dy or Er having the larger atomic number, both 
the scattering factors for the X-ray are larger than 
that of Y and therefore the diffraction peak of (001) 

rs becomes stronger. 



Example 9 

20 In the same manner as in Example 2 except 
that an injection nozzle was inserted in a doughnut 
shaped oxygen diffusion chamber surrounding the 
periphery of the substrate, and oxygen injected 
from the nozzle was once diffused in the chamber 

25 and then supplied from slits provided on an inner 
peripheral wail over the substrate, surface, a thin 
film having a thickness of 100 A was formed. 

The X-ray diffraction pattern of the formed thin 
film is shown in Rg. 9. . 

30 The thin film was then post-heatrtreated in the 
oxygen atmosphere in the same manner as in 
Example 5. Change of the electrical resistance 



2,000 A was formed. 



In this Example, RHEED photographs of the 
substrate itself and "the formed thin film of 
YBa2Cu30 7 . x single crystal were taken. The pho- 
tographs confirmed that the (110) plane of the 
YBa2Cu30 7 . x single crystal having the three-layered 
perovskite structure was epitaxially grown on the 
(110) plane of the substrate. 

The SEM photograph of the thin film of the 
s i n gle c r y st al wa s tak en t o -^confinTr-the-stirface- 
smoothness. 



Example 7 

In the same manner as in Example 1 but 
evaporating metals Y and Sr by electron beam 
heating and metal Cu by resistance heating and 
depositing them on the (001) plane of the SrTiOa 
substrate kept at 640* C, a thin film having a thick- 
ness of 1,000 A was formed. An X-ray diffraction 
pattern of the formed film is shown in Rg. 6, in 
which the diffraction peak corresponding to the 
(005) peak of the three layered perovskite structure 
like YBa 2 Cu30 7 .x. 
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against temperature of the oxidation-treated thin 
film is shown - in~Rg~1 07 and~change^ of thXcdm- 
plex susceptibility against temperature of the same 
thin film is shown in Rg. 1 1 . 

From these results, it is understood that the 
thin film of 100 A in thickness was superconductive 
below 82 K. 



— — -Example 10 — - ■ ■ -- ■■ — - - 

In the same manner as in Example 9 but using, 
45 as a substrate, the SrTi03 single crystal with a 
surface of its (110) plane and heating the substrate 
to 530* C, 550 *C, 580 "C or 630* C. a thin film 
having a thickness of 500 A was formed. 

On each of the four thin films, an electron 
so beam was irradiated along a direction of [001] or [1 
TO] of the substrate to confirm the crystal orienta- 
tion of each thin film by RHEED. 

The results are shown in Rgs. 12A, 13A, 14A 
and 15A (along th [001] direction) and Rgs. 12B, 
55 13B, 14B and 15B (along the [1 1 0] direction). At 
530 *C, as seen from Rgs. 12A and 12B, the thin 
film of YBa2Cu 3 0 7 -x sing! crystal having th (110) 
plane which was parallel with the (110) plane of the 
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substrate SrTiOa single crystal was formed. At 
630 *C, as seen from Figs. 15A and 15B, the thin 
film of YBa2Cu30 7 . x single crystal having the (103) 
piane which was parallel with the (110) plane of th 
substrate SrTi03 single crystal was formed. 

At 550 "C and 580 # C which are between 
530 "C and 630 "C, as seen from Rgs. 13A, 13B, 
14A and 14B, the thin films containing a mixture of 
(110) and (103) orientations of the YBa 2 Cu 3 07.x 
were formed. 

The thin film of YBa2Cu30 7 . x single crystal 
which was formed at 630* 0 and had a thickness of 
500 A was heattreated in the oxygen atmosphere 
in the same manner as in Example 5 and change 
of the electrical resistance against temperature was 
measured. The results are shown in Fig. 16. which 
confirmed that the oxidation-treated thin film exhib- 
ited superconductivity around 80 K. 



RHEED photographs of the second thin film 
having the thickness of 850 A was taken by irra- 
diating the electron beam along two directions as in 
Example 10 to confirm the crystal structures. 

s The results are shown in Figs. 20A and 20B. 

As seen from these figures, a thin film of 
YBaaCuaOy* single crystal having the (110) plane 
which was parallel with the (110) plane of the 
substrate SrTiOa single crystal was formed. 

10 The thin film of YBajCuaO?.* single crystal 
having the thickness of 850 A was heat-treated in 
an oxygen atmosphere in the same manner as in 
Example 5 and change of the electrical resistance 
against temperature was measured. The results are 

rs shown in Fig. 21, which confirmed that the 
oxidation-treated thin film exhibited superconduc- 
tivity around 80 K. 



Example 11 

In the same manner as in Example 10 but 
using Er in place of Y and heating the substrate to 
530 " C, 580 " C or 630 # C, a thin film was formed. 

RHEED photographs of these three thin films 
were taken by irradiating the electron beam along 
two directions as in Example 10 to confirm the 
crystal structures. 

The results are shown in Figs. 17A, 18A and 
1 9A (a long Jtfae4Q011 d ir ection ) and Rgs. 17B, 18B 



20 Claims 

1. A thin film consisting of a single crystalline 
oxide of the formula (I) 

25 LnA2Cu 3 0 7 .x (I) 

wherein In is at least one of the rare earth ele- 
ments Y, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm and Yb 
and A is at least one of the alkaline earth metals 
30 Ba, Sr and Ca which has a three-layered perovskite 
structure i n w hi ch 



and 19B (along the [1 TO] direction). At 530* C, as 

-seen-from -Rgs.— 17A-and-17B— the -thin -film-of 

ErBa2Cu30 7 . x single crystal having the (110) plane 
which was parallel with the (110) plane of the 35 
substrate SrTiOa single crystal was formed. At 
630 # C, as seen from Figs. 19A and 19B, the thin 
film of ErBa2Cu30 7 . x single crystal having the (103) 
plane which was parallel with the (110) plane of the 
substrate SrTiOs single crystal was formed. 40 
At 580* C, as seen from Rgs. 18A and 18B. 



0)the (001) plane, 

(2) the (110) plane or 

(3) the (103) plane 

of the crystal is parallel with the film surface. 

2. The thin film according to claim 1, wherein 
Ln in the formula (I) is Y. 

3. The thin film according to claim 1 , wherein 
Ln in the formula (I) is Dy. 

4. The thin film according to claim 1 , wherein 
Ln in the formula (I) is Er. 



the thin film containing a mixture of (110) and (103) 
orientations of the ErBa2Cu30 7 . x single crystals 
was formed. 



Example 12 

In the same manner as in Example 9 but using, 
as a substrate, the SrTiOa single crystal with its 
(110) piane forming a surface and heating the 
substrate to 520 ' C, a thin film having a thickness 
of 150 A was formed. 

Then, in the same manner as in Example 9 but 
using the substrate on which the thin film having a 
thickness of 150 A as the substrate and heating the 
substrate to 630 'C, a second thin film having a 
thickness of 850 A was formed. 



45 



5. The thin film according to claim 1 , wherein A 
in the formula (I) is Ba. 

6. A process for producing a thin film consist- 
ing of a single crystalline oxide of the formula (I) 



LnA2Cu307.> 



(I) 



wherein Ln is at least one of the rare earth ele- 
50 ments Y, Nd, Sm, Eu, Gd. Dy, Ho, Er, Tm and Yb 
and A is at least one of the alkaline earth metals 
Ba. Sr and Ca which has a three-layered perovskite 
structure, which comprises simultaneously 
evaporating Ln, A and Cu in an atomic ratio of 
55 about 1:2:3 from discrete evaporation sources of 
Ln, A and Cu to deposit them on a substrate in a 
vacuum vessel while supplying oxygen gas from a 
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distance close to the substrate to form an oxygen- 
containing atmosph r having a relatively high 
pressure at the substrate. 

7. A process for producing a thin film consist- 
ing of a single crystalline oxide of the formula 5 
LnAaCuaOr.x wherein Ln and A are defined as in 
claim 6 t which comprises generating a plasma and 
simultaneously evaporating Ln, A and Cu in an 
atomic ratio of about 1 :2:3 from discrete evapora- 
tion sources of Ln, A and Cu to deposit them on a io 
substrate in a vacuum vessel while supplying oxy- 
gen gas from a distance close to the substrate to 
form an oxygen-containing atmosphere having a 
relatively high pressure at the substrate. 

8. The process according to any one of claims 15 
6 and 7, wherein a single crystal is used as the 
substrate with its (001) plane forming the substrate 
surface t and the (001) plane of the formed single 
crystal is parallel with the film surface. 

9. The process according to claim 8 , wherein 20 
the substrate is heated to a temperature of not 
lower than 500 *C. 

10. The process according to any one of 
claims 6 and 7, wherein a single crystal is used as 

the substrate with its (110) plane forming the sub- 25 
strata surface, and the (110) plane of the formed 
single crystal is parallel with the film surface. 

11. The process according to claim 10, wherein 
firstly a thin film of the single crystal of the oxide of 

the formula (I) in which its (110) plane is parallel 30 
with the film surface formed on the substrate 



heated to a temperature not lower than 500 C and 
Jpwerthan 550" C, and : Jhen an ox ide of the formula 
(I) in which its (110) plane is parallel with the film 
surface is deposited on the firstly formed thin film 3S 
heated at a temperature of not lower than 550 " C. 

12. The process according to any one of 
claims 6 and 7, wherein a single crystal is used as 
the substrate with its (110) plane forming the sub- 
strate surface, and the (103) plane of the formed 40 
single crystal is parallel with the film surface. 
- — T3. The proTres~$~a~c^ — — 
the substrate is heated to a temperature of not 
lower than 550 'C. 

46 
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Fig. 10 
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Pig. 12A Fig. 12B 
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